Introduction {#S0001}
============

As one of the most common types of diabetes,[@CIT0001] type 1 diabetes (T1D) is a chronic immune disease caused by the erroneous work of pancreatic cells and the immune system, with the clinical manifestations of insulin deficiency and hyperglycemia.[@CIT0002] Untimely and inaccurate treatment of T1D will result in manifold complications in patients. For example, Hainsworth et al[@CIT0003] showed that T1D patients with hyperglycemia were highly likely to develop retinopathy. In addition, Gilsanz et al[@CIT0004] exhibited that T1D patients with depression were often accompanied by a high risk of dementia. While according to Chaytor et al,[@CIT0005] it was quite common for elderly patients with late T1D to suffer from cognitive impairment. At the same time, significantly elevated apolipoprotein C3 in T1D patients increased the risk of cardiovascular disease.[@CIT0006] Understanding the molecular mechanism of the occurrence of T1D, therefore, contributes greatly to the development of T1D therapy. Although there are increasing studies focusing on the pathogenesis of T1D, the molecular network of T1D remains elusive.

The p53 protein encoded by the TP53 gene is a well-known transcription factor that can regulate genes at the transcriptional level by suppressing the binding of other transcription factors to target sequences.[@CIT0007] It is well established that p53 protein is closely associated with cell metabolism. As reported by Lowman et al,[@CIT0008] p53 increased glutamate levels in mouse embryonic fibroblasts through Slc7a3/mTORC1, thereby promoting cell survival. In the study of Kim et al,[@CIT0009] wild-type p53 (WTp53) reduced pyruvate consumption in mitochondria by up-regulating PUMA, and accelerated anaerobic oxidation of sugars in cells. Moon et al[@CIT0010] confirmed that p53 inhibited tumor growth by suppressing the mevalonic acid pathway. It is worth mentioning that multiple studies[@CIT0011]--[@CIT0015] have demonstrated that p53 is involved in insulin resistance, which means that p53 is closely related to diabetes. While RAP2A belongs to the RAS protein family. Abnormally expressed RAP2A is closely bound up with the occurrence of various cancers like gastric cancer, thyroid cancer, nasopharyngeal cancer, and liver cancer.[@CIT0016]--[@CIT0019] Akt phosphorylation is an important part of the insulin delivery pathway, and RAP2A is closely linked to Akt phosphorylation,[@CIT0020] so it is highly possible that RAP2A may participate in the insulin pathway through Akt.

Metformin is a common insulin sensitizer.[@CIT0021] In this study, 3D3-L1 cells were induced by dexamethasone and mice were induced by high glucose and high fat to construct insulin resistance models, and metformin treatment was performed on insulin model cells and rats, aiming to understand the molecular mechanism of metformin treatment of T1D insulin resistance and its relationship with p53 and RAP2A.

Patients and Methods {#S0002}
====================

T1D Patients {#S0002-S2001}
------------

Subcutaneous adipose tissue samples were collected from 68 T1D patients in the First Affiliated Hospital of Zhengzhou University, including 42 males and 26 females, with a mean age of (54.14±8.25) years, a course of disease of (15.58±3.75) years, a BMI of 21.16±0.74 and an insulin sensitivity index (ISI) of 8.79±0.34. In addition, another 51 healthy controls, including 29 males and 22 females, with an average age of (51.87±6.97) years, a BMI of 18.25±0.63 and an ISI of 11.41±0.27 were included as the control group. Inclusion criteria: Patients diagnosed with T1D and exhibiting insulin resistance. Exclusion criteria: Persons with mental illness; Patients with hypertension, kidney or coronary heart diseases; Patients with malignant tumors, acute inflammation or trauma. Hyperinsulinemic-euglycemic clamp technique was employed to evaluate the degree of insulin resistance, and insulin resistance was judged by comparing the insulin sensitivity index of healthy controls and T1D patients. There were no statistically significant differences in age and gender between the two groups (P=0.116, P=0.706), but there were statistical differences in BMI and ISI (P\<0.001, P\<0.001). The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Zhengzhou University, and all the participants were informed of the whole process of the study and signed the informed consent. Subcutaneous adipose tissues (2 g) were taken from the abdomen, removed the clearly visible blood vessels on the tissue block, and rinsed with sterile normal saline before placing them in a sterile and RNA-free EP tube. Then the tissue blocks were frozen in liquid nitrogen for 24 hours and stored in the refrigerator at −80 °C for later use. After the operation, the patients were closely observed with anti-bacterial and anti-infection intervention.

Establishment of Insulin Resistance Model {#S0002-S2002}
-----------------------------------------

The differentiation of 3T3-L1 cells (ATCC, USA) into mature adipocytes was induced using 3-isobutyl-1-methylxanthine (MIBX) + dexamethasone + insulin. Then, 1 mol/L dexamethasone was applied to construct insulin resistance model cells, and the fluid was exchanged every 48 h. The glucose consumption of the culture medium was measured during the fluid exchange. When the glucose consumption was over 2.5 mmol/L, the cells were considered to be successfully developed insulin resistance. After that, the modeled cell adherents were inoculated in T25 culture flasks (Thermo Fisher Scientific) and cultured in an animal cell incubator (Binder, Germany) at 37°C and 5%CO~2~. The culture medium was DMEM medium (Hyclone) + 10% fetal bovine serum solution (Gibco) + 1% penicillin/streptomycin solution (100X, Solarbio). Before transfecting the cells with expression vectors, the medium was changed to serum-free medium in advance. P53 siRNA, RAP2A siRNA, and NC siRNA were purchased from Shanghai Sangon Biotechnology Co., Ltd. Lipofectamine 2000 transfection kit (invitrogen, USA) was employed to transfect the cell line in accordance with the kit instructions. Fresh medium was replaced 8 h after transfection to avoid killing the cells.

Approved by the Medical Ethics Committee of the First Affiliated Hospital of Zhengzhou University, six week male rats (Hunan SJA Laboratory Animal Co., Ltd.) without obvious abnormal behavior and pathogen infection were selected. After one week of general feeding, the rats were fasted for 24 hours, and then injected intraperitoneally with alloxan. Seventy-two hours and 1 week later, the fasting blood glucose of rat tail tip was measured, and the diabetic model was successfully established when the blood glucose level was higher than that 16.7mmol/L after two times of detection. The procedures were conducted in strict accordance with the guidelines for the Care and Use of Laboratory Animals (NIH publication, 1996 revision, No. 85--23). The tissue blocks were subcutaneous tissues collected from the abdomen of the rats, and the collection process was as follows: the rats were anesthetized with 2% pentobarbital sodium (40 mg/kg body weight) after preoperative fasting for 14 hours. An incision was then made in the middle of the rat abdomen to obtain subcutaneous tissue. The tissue blocks were frozen in liquid nitrogen for 24 hours and stored in the refrigerator at −80 °C for testing.

MTT Assay {#S0002-S2003}
---------

Four 96-well plates were selected, where the transfected cells were inoculated according to the specification of 2×10^3^ per well, with 3 wells in each group. The cells were then cultured at 37 °C and 5%CO~2~. One well plate was taken out every 24 hours, at which point 5 mg/mL of MTT solution was added at 10 μL/well, and the culture was then continued for 4 hours. After removing the culture medium, 100 μL dimethyl sulfoxide (Solarbio Company) was added, and the OD value at 570 nm was measured by a microplate reader. The experiment was repeated 3 times to draw the cell viability-time curve.

Glucose Assay {#S0002-S2004}
-------------

The insulin-resistant cells were treated with metformin (0.5--2.0mmol/L), and the medium was replaced after 48 h. Glucose content in the medium was measured using the Glucose Assay kit (Abcam), and the Glucose consumption was calculated.

GTT and ITT for Glucose Tolerance and Insulin Sensitivity {#S0002-S2005}
---------------------------------------------------------

Metformin was added to the feed at a dose of 3×10^2^ mg/kg body weight. Insulin tolerance test (ITT): Insulin-resistant rats were stopped from feeding for 12 h, and their blood glucose index was detected, which was recorded as T=0 min. The rats were then intraperitoneally injected with insulin (dose: 0.5 U/kg), and the fasting glucose of the rats was detected at 15, 30, 60, 90 and 120 min after the injection. Glucose tolerance test (GTT): After fasting the insulin-resistant rats for 12 h, their blood glucose index was detected and recorded as T=0 min. The glucose (dose: 2 g/kg body weight) was intraperitoneally injected into the abdominal cavity of the rats, and the fasting glucose was detected at 15, 30, 60, 90 and 120 min after the injection.

qPCR {#S0002-S2006}
----

Trizol method was utilized to extract total RNA from tissues or cells. The total OD value of RNA at 260--280nm was detected by UV spectrophotometer, and those with OD260/OD280\>1.8 were selected for subsequent qPCR detection. FastKing One-Step Reverse Transcription-Fluorescence Quantification Kit (Beijing Tiangen Corporation, FP314) and ABI PRISM 7000 (Applied Biosystems, USA) instruments were employed to quantify RNA levels. p53 mRNA and RAP2A mRNA primers were purchased from Shanghai Sangon Biotechnology Co., Ltd. The qPCR reaction system (50 μL) was as follows: upstream primer 1.25 μL, downstream primer 1.25 μL, probe 1.0 μL, RNA template 10 pg/μg, 50 × ROX Reference Dye ROX 5 μL, and RNase-Free ddH2O was added to meet the total reaction volume of 50 μL. Reaction process: Reverse transcription at 50°C for 30 min, one cycle; Predenaturation at 95°C for 3 min, one cycle; Denaturation at 95°C for 15 s, and annealing at 60°C for 30s, 40 cycles. The results were analyzed by ABI PRISM 7000 instrument. The internal reference gene was β-actin, and the data were standardized by 2--^ΔΔCt^ method.

Western Blot {#S0002-S2007}
------------

First, the cells were rinsed with cold PBS for 3 times, added with a lysis buffer containing 20 mM Tris-HCl solution (pH7.5, Solarbio company) and protein inhibitor (Solarbio company), and then carefully pipetted the solution so that the cells can be fully lyzed. Then, the solution was centrifuged at 1.6×10^4^ xg for 15 min at 4 °C, and 50 μL of the obtained supernatant was was processed for the determination of its protein concentration by BCA method. Next, 20 μg of protein and equivalent molecular weight standards were loaded into SDS-PAGE gel wells, and electrophoresed at 100 V for 2 h to isolate the protein. Then, the separated protein was transferred to a nitrocellulose (NC) membrane and left at room temperature for 1 h (blocked with 5% skimmed milk-PBS solution). The protein to be tested and β-actin primary antibody were then added and left to stand at 4 °C overnight. After that, the NC membrane was washed with PBS for three times, followed by the addition of goat anti-rabbit secondary antibody (HRP cross-linked), then continued to stand at room temperature for 1h. Finally, the NC membrane was washed with PBS solution and visualized using ECL chemiluminescence solution. The internal reference protein was β-actin, and the relative expression level of the protein to be tested = the gray value of the band to be tested/the gray value of the β-actin band. The proteins to be tested, as well as the β-actin primary and secondary antibody goat anti-rabbit (HRP cross-linked) were purchased from Abcam Company, Shanghai, China.

Co-Immunoprecipitation {#S0002-S2008}
----------------------

The protein was extracted with the same method as mentioned in Western blot in the last paragraph. After washing twice with PBS buffer solution, 50% Protein A/G agarose resin was prepared with PBS buffer solution, and was added to the protein sample to eliminate non-specific binding proteins. Followed by the addition of 5 μg p53 antibody and RAP2A antibody, and gently shook at 4°C overnight. After centrifugation at 1×10^3^ g for 5 min, the supernatant was discarded, and the protein sample was repeated washing 4 times with 1 mL IP buffer. Western blot was used to identify precipitated proteins, with the same method as mentioned in Western blot.

Statistics and Analysis {#S0002-S2009}
-----------------------

Statistical analysis of the collected data was performed by SPSS 20.0 (Asia Analytics Formerly SPSS China), and the picture rendering was conducted using GraphPad Prism 6.0. The experiment was repeated three times. The measurement data were expressed as Mean±SD. The independent sample *t* test was employed for statistical differences between TID patients and healthy controls, and insulin resistance rats model group and Metformin group. One-way ANOVA was applied to compare the statistical differences between insulin resistance cells in each group, and the post-hoc pair-wise comparison was performed by LSD-*t* test. All data were double-tailed. With 95% as its confidence interval, a statistically significant difference was assumed at P\<0.05.

Results {#S0003}
=======

Metformin Improved Insulin Resistance {#S0003-S2001}
-------------------------------------

3T3-L1 cells were induced by dexamethasone to construct an insulin resistance model, and insulin resistance model cells were treated with different concentrations of metformin (0.5--2.0 nmol/L). After 24 h of metformin treatment, the glucose content in the culture medium was detected using a glucose detection kit. When treated with metformin alone, it was observed that 0.5 nmol/L and 1.0 nmol/L of metformin promoted a small but not statistically significant increase in glucose consumption in insulin-resistant cells ([Figure 1A](#F0001){ref-type="fig"}). When increased the metformin concentration to 1.5 nmol/L and 2.0 nmol/L, the glucose consumption of the two groups was statistically higher than that of the model group, and 2.0 nmol/L metformin had the best effect on promoting cell glucose consumption. What's more, when metformin was co-administered with insulin to cells ([Figure 1B](#F0001){ref-type="fig"}), 0.5 to 2.0 nmol/L metformin was found to dramatically increased glucose consumption in cells. It was worth mentioning that the increase of glucose consumption in the metformin + insulin groups was greater than that in the metformin group, which suggested that the combination of the two was more effective in improving insulin resistance. Based on the effects of metformin on insulin-resistant cells, an insulin resistance rats model was constructed to study the effect of metformin on the improvement of insulin resistance in vivo. The ITT and GTT results showed that after metformin treated insulin-resistant rats, the blood glucose levels of the rats decreased statistically at 15, 30, 60, and 90 minutes ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}), and the effect of metformin combined with insulin was better than that of metformin, indicating that metformin could improve insulin resistance by promoting insulin absorption in model cells or rats.Figure 1Metformin improved insulin resistance. (**A**) The increase of glucose consumption in insulin-resistant cells induced by 1.5 and 2.0 nmol/L metformin with the absence of insulin. (**B**) In the presence of insulin, 0.5--2.0 nmol/L metformin increased the glucose consumption of insulin-resistant cells, and the increment was larger than that of the group with metformin alone. (**C**) ITT results of insulin-resistant rats. (**D**) GTT results of insulin-resistant rats. \*Indicated P\<0.05, \*\*Indicated P\<0.01, and \*\*\*Indicated P\<0.001 compared with the model group.

Metformin Down-Regulated p53 and Up-Regulated RAP2A {#S0003-S2002}
---------------------------------------------------

Western blot and qPCR were employed to detect the differentially expressed genes in subcutaneous adipose tissues of 68 T1D patients and 51 healthy controls. The results demonstrated that p53 increased in adipose tissues of T1D patients while RAP2A decreased ([Figure 2A](#F0002){ref-type="fig"}). As shown in [Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}, p53 was up-regulated while RAP2A was down-regulated in adipose tissues and insulin-resistant cells of insulin-resistant rats. After metformin treatment, whereas, p53 in cells and rat fat cells decreased and RAP2A increased. These results suggested that metformin might improve insulin resistance in T1D by regulating p53 and RAP2A ([Figure 2D](#F0002){ref-type="fig"}).Figure 2Metformin down-regulated p53 and up-regulated RAP2A. (**A**) p53 was up-regulated in T1D. \*\*\*Indicated P\<0.001. (**B**) RAP2A was down-regulated in T1D. \*\*\*Indicated P\<0.001. (**C**) Metformin down-regulated p53 and up-regulated RAP2A in insulin-resistant cells. \*Indicated P\<0.05, \*\*Indicated P\<0.01 and \*\*\*Indicated P\<0.001 compared with the model group. (**D**) Metformin down-regulated p53 and up-regulated RAP2A in insulin-resistant rats. \*\*Indicated P\<0.01, and \*\*\*Indicated P\<0.001 compared with the model group.

Metformin Improved Insulin Resistance by Activating IRS1/p-PI3K/Akt Pathway {#S0003-S2003}
---------------------------------------------------------------------------

In the process of insulin mediated glucose absorption, the IRS1/PI3K/Akt pathway was quite remarkable, so the disorder of this pathway was an important cause of insulin resistance. In this section, Western blot was used to detect IRS1, p-PI3K (PI3K phosphorylated) and p-Akt (Akt phosphorylated), and the effects of metformin on the insulin pathway was evaluated by the changes of the three. The results ([Figure 3](#F0003){ref-type="fig"}) exhibited that IRS1, p-PI3K, and p-Akt were down-regulated in adipose tissues and insulin-resistant cells of insulin-resistant rats, while after metformin treatment, the expression levels of these three raised, indicating that metformin improved insulin resistance by activating the IRS1/p-PI3K/Akt pathway.Figure 3Metformin improved insulin resistance by activating the IRS1/p-PI3K/Akt pathway. (**A**) Metformin up-regulated IRS1, p-PI3K, and p-Akt in insulin-resistant cells. (**B**) Metformin up-regulated IRS1, p-PI3K, and p-Akt in insulin-resistant rats. \*Indicated P\<0.05, \*\*Indicated P\<0.01, and \*\*\*Indicated P\<0.001 compared with the model group.

Metformin Inhibited Apoptosis by Down-Regulating p53 {#S0003-S2004}
----------------------------------------------------

In view of the abnormal expression of p53 in T1D patients and insulin resistance model and the down-regulation of p53 caused by metformin, we hypothesized that metformin might improve the symptoms of insulin resistance model by reducing the apoptosis caused by p53. Therefore, MTT was adopted to detect cell vitality, and Western blot to detect Caspase 3, Caspase 9, Bax and Bcl2 in insulin-resistant cells and rat adipose tissues. The results ([Figure 4](#F0004){ref-type="fig"}) demonstrated that in insulin-resistant cells and rats, Caspase 3, Caspase 9 and Bax were up-regulated while Bcl2 was down-regulated. While the opposite results were observed after metformin treatment, that is, Caspase 3, Caspase 9 and Bax were down-regulated while Bcl2 was up-regulated. In addition, MTT results showed that metformin increased the viability of insulin-resistant cells. All these results indicated that metformin inhibited apoptosis and promoted cell viability by down-regulating p53.Figure 4Metformin inhibited apoptosis by down-regulating p53. (**A**) Metformin down-regulated Caspase 3, Caspase 9, Bax, and up-regulates Bcl2 in insulin-resistant cells. (**B**) Metformin down-regulated Caspase 3, Caspase 9 and Bax, and up-regulated Bcl2 in insulin-resistant rats. (**C**) Metformin increased the viability of insulin-resistance cells. \*Indicated P\<0.05, \*\*Indicated P\<0.01, and \*\*\*Indicated P\<0.001 compared with the model group.

Metformin Improved the Inflammatory Response in Insulin Resistance Models {#S0003-S2005}
-------------------------------------------------------------------------

Inflammation is a common symptom of T1D, and the pathways involved in insulin resistance are closely related to inflammatory factors. As indicated above, metformin can activate the insulin pathway, so does metformin therefore regulate the inflammatory response in the insulin resistance model? In this part, the effects of metformin on the inflammatory response were evaluated by detecting NF-κB p65, TNF-α, IL-8, and IL-6. The results revealed that in insulin-resistant cells and rats, NF-κB p65, TNF-α, IL-8, and IL-6 were all up-regulated, while similarly, these indicators all elevated after metformin treatment, suggesting that metformin could improve the inflammatory response in insulin resistance models ([Figure 5](#F0005){ref-type="fig"}).Figure 5Metformin improved the inflammatory response in insulin resistance models. (**A**) Metformin down-regulated NF-κB p65, TNF-α, IL-8 and IL-6 in insulin-resistant cells. (**B**) Metformin down-regulated NF-κB p65, TNF-α, IL-8, and IL-6. \*Indicated P\<0.05, and \*\*Indicated P\<0.01 compared with the model group.

p53 Induced Insulin Resistance by Inhibiting RAP2A {#S0003-S2006}
--------------------------------------------------

In light of the aforementioned effects of metformin on insulin resistance, this section focused on discussing whether metformin could improve insulin resistance by regulating p53 and RAP2A. p53 siRNA and RAP2A siRNA vectors were constructed to regulate p53 and RAP2A in insulin-resistant cells, and their effects on insulin resistance were studied. In was found that RAP2A was up-regulated when p53 was down-regulated, suggesting that p53 might inhibit RAP2A in insulin-resistant cells ([Figure 6A](#F0006){ref-type="fig"}). In addition, when p53 was down-regulated, glucose consumption in insulin-resistant cells increased significantly, while inhibiting RAP2A could offset this increase in glucose consumption caused by p53 down-regulation ([Figure 6B](#F0006){ref-type="fig"}), which indicated that p53 inhibited glucose consumption by down-regulating RAP2A. What's more, when cells were co-cultured with 1 nmol/L insulin, the glucose consumption increment caused by down-regulation of p53 was significantly higher than that of the non-insulin group, suggesting that p53 inhibited insulin sensitivity by down-regulation of RAP2A. Moreover, as shown in [Figure 6C](#F0006){ref-type="fig"}--[F](#F0006){ref-type="fig"}, the decreased vitality, apoptosis, inflammatory response and IRS1/p-PI3K/p-Akt pathway disorders caused by down-regulation of p53 could all be offset by down-regulation of RAP2A.Figure 6Metformin improved insulin resistance by activating the IRS1/p-PI3K/Akt pathway. (**A**) p53 inhibited RAP2A in insulin-resistant cells. (**B**) p53 inhibited insulin sensitivity in insulin-resistant cells by down-regulating RAP2A, leading to insulin resistance. (**C**) p53 reduced cell vitality in insulin-resistant cells by inhibiting RAP2A. (**D**) p53 down-regulated NF-B, TNF-α, IL-8, and IL-6 in insulin-resistant cells by inhibiting RAP2A. (**E**) p53 down-regulated Caspase 3, Caspase 9, Bax and up-regulated Bcl2 in insulin-resistant cells by inhibiting RAP2A. (**F**) p53 down-regulated IRS1, p-PI3K, and p-Akt in insulin-resistant cells by inhibiting RAP2A. (**G**) Co-immunoprecipitation confirmed that p53 could interact with RAP2A. \*Indicated P\<0.05, \*\*Indicated P\<0.01, and \*\*\*P\<0.001 compared with the NC siRNA group, while ^\#^Indicated P\<0.05, ^\#\#^Indicated P\<0.01 and ^\#\#\#^Indicated P\<0.001 compared with p53 the siRNA group.

The relationship between p53 and RAP2A was verified by CO-IP method. If p53 could interact with RAP2A, the p53 antibody would precipitate both p53 and RAP2A, and then RAP2A bands could be found when the precipitated protein was detected by Western blot. It was found that P53 could be precipitated with RAP2A antibody, and p53 bands were also obtained by subsequent Western blot detection of p53. All these demonstrated that p53 can bind to and interact with RAP2A ([Figure 6G](#F0006){ref-type="fig"}).

The above results indicated that p53 induced insulin resistance by inhibiting RAP2A, and metformin up-regulated RAP2A by inhibiting p53, thereby activating the IRS1/p-PI3K/p-Akt pathway and inhibiting apoptosis and inflammatory responses.

Discussion {#S0004}
==========

In present study, we found that p53 was up-regulated and RAP2A was down-regulated in subcutaneous tissue samples of T1D patients. Combined with the results of correlation analysis, we speculated that their abnormal expressions might be related to T1D insulin resistance. In addition, inhibition of p53 resulted in up-regulation of RAP2A, and co-immunoprecipitation indicated that p53 could interact with RAP2A, suggesting that p53 may regulate insulin resistance by inhibiting RAP2A. When studying the downstream of p53, Wu et al[@CIT0022] found that RAP2A was the downstream target of p53 in osteosarcoma cells, and p53 changed the downstream of MMP2, MMP9 and Akt by regulating RAP2A. The results of this study also confirmed that p53 could directly regulate RAP2A. It is particularly noteworthy that in the study of Wu et al, p53 up-regulated RAP2A, while in this study, p53 inhibited RAP2A, which may be due to the tissue-specific regulation of p53 on RAP2A.

The RAS protein family to which RAP2A belongs plays an indispensable role in the insulin pathway. In the insulin pathway, insulin binds to insulin receptors to drive Akt phosphorylation, a process based on RAS facilitation.[@CIT0023] Wu et al[@CIT0020] also pointed out that RAP2A promoted Akt phosphorylation. In addition, Akt phosphorylation can inhibit apoptosis and inflammatory responses.[@CIT0024],[@CIT0025] Therefore, in current study, the up-regulation of RAP2A caused by the down-regulation of p53 activated the downstream IRS1/PI3K/Akt pathway and inhibited the apoptosis pathway and inflammatory factors, which ultimately improved insulin resistance.

Metformin has a non-negligible role in T1D treatment strategies. Long-term use of metformin may reduce the possibility of cardiovascular disease in T1D patients,[@CIT0026] and metformin may be involved in the regulation of insulin sensitivity in T1D patients.[@CIT0027],[@CIT0028] In this study, when metformin was used to treat the insulin resistance model, it was found that metformin can cause the down-regulation of p53 and the up-regulation of RAP2A, accompanied by the activation of the IRS1/p-PI3K/Akt pathway, the reduction of pro-inflammatory factors, and the reduction of apoptosis. In combination with the effects of metformin on p53 and RAP2A and the regulatory mechanism of p53/RAP2A pathway, we hypothesized that metformin increased insulin sensitivity and promoted glucose consumption by inhibiting the p53/RAP2A pathway.

This study explored the molecular mechanism of metformin in the treatment of T1D insulin resistance and believed that metformin increased insulin sensitivity through the p53/RAP2A pathway. We found that p53 promoted insulin resistance by inhibiting RAP2A in adipose tissues, while p53 down-regulated insulin resistance as a suppressor in liver tissues,[@CIT0011] which indicated that p53 had two-sided effects on insulin. Besides, the regulation of p53 on RAP2A was also tissue-specific. Therefore, whether the p53/RAP2A pathway is tissue-specific can be further discussed in future experimental designs.

Conclusion {#S0005}
==========

In summary, this study aims to explore the molecular mechanism of metformin in the treatment of T1D insulin resistance. It is found that metformin up-regulates RAP2A by inhibiting p53, and the up-regulated RAP2A induces the activation of downstream NF-B inflammation pathway, IRS1/PI3K/Akt pathway and apoptosis pathway, ultimately improving insulin resistance. The discovery of this mechanism provides new therapeutic ideas for T1D insulin resistance-inhibition of p53 or up-regulation of RAP2A can help improve the treatment effect of metformin.
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